hemoprotein ͉ nitric oxide ͉ signaling ͉ NMR ͉ phosphorylation
Heme nitric oxide/oxygen (H-NOX) proteins are found in eukaryotes where they are typically part of a larger protein such as soluble guanylate cyclase and in prokaryotes where they are often found in operons with a histidine kinase, suggesting that H-NOX proteins serve as sensors for NO and O2 in signaling pathways. The Fe(II)-NO complex of the H-NOX protein from Shewanella oneidensis inhibits the autophosphorylation of the operon-associated histidine kinase, whereas the ligand-free H-NOX has no effect on the kinase. NMR spectroscopy was used to determine the structures of the Fe(II)-CO complex of the S. oneidensis H-NOX and the Fe(II)-CO complex of the H103G H-NOX mutant as a mimic of the ligand-free and kinaseinhibitory Fe(II)-NO H-NOX, respectively. The results provide a molecular glimpse into the ligand-induced conformational changes that may underlie kinase inhibition and the subsequent control of downstream signaling.
hemoprotein ͉ nitric oxide ͉ signaling ͉ NMR ͉ phosphorylation G as-sensing proteins play vital roles in mediating biological events. For example, soluble guanylate cyclases (sGCs) coordinate nitric oxide (NO) or oxygen (O 2 ), leading to the control of specific signal transduction pathways (1) . A number of diatomic gas sensor proteins consist of two distinct domains: a heme-containing sensor domain that binds diatomic ligands and an effector domain that generates an output signal (2) . The cofactor coordination properties are precisely tuned by the active site of the protein to discriminately bind a specific ligand. For example, most sGCs selectively bind NO at nanomolar concentrations even in the presence of micromolar concentrations of oxygen (3) . It is this unique property of sGC that enables the enzyme to act as a specific NO sensor in an aerobic environment. Ligand selectivity is largely dictated by residues in the heme distal pocket, and the prediction and characterization of O 2 -regulated sGCs has supported that understanding (4) .
The heme domain in sGC belongs to a larger family of proteins termed the H-NOX (heme nitric oxide/oxygen) proteins (5, 6) . H-NOX proteins share similar spectroscopic properties, sequence homology, and key conserved residues with sGC and, therefore, serve as models of the heme domain of sGC (6, 7) . Although H-NOX domains are present in the genomes of prokaryotes and eukaryotes, the biological functions of these signaling modules have diverged considerably along with their ligand binding properties (3, 8) . For example, SO2144 from Shewanella oneidensis and VCA0720 from Vibrio cholerae have nearly identical ligand-binding characteristics to those of sGC (i.e., bind NO but not O 2 ) and may, therefore, act as NO sensors in their respective cellular settings (6, 9) . In contrast, GCY-88E from Drosophila melanogaster and GCY-35 from Caenorhabditis elegans both bind O 2 and have ligand-binding properties similar to those of hemoglobin (4, 10) . In vivo, GCY-35 regulates aerotaxis in C. elegans, supporting the hypothesis that some H-NOX proteins act as O 2 sensors (10).
Orphan Drosophila sGCs were shown to bind O 2 and be regulated by that ligand (4) .
The crystal structure of Tar4H, an O 2 -binding H-NOX domain from Thermoanaerobacter tengcongensis, was solved at 1.77-Å resolution (11) . In that structure, a hydrogen bond between the bound O 2 and a distal pocket tyrosine residue (Y140) was observed and subsequently shown to play an important role in O 2 affinity (3). Although this observation suggests that hydrogen bonding between the protein and oxygen ligand plays a crucial role in modulating ligand affinity, it does not provide insight into the conformational transitions that H-NOX proteins, such as sGC, make during the course of cell signaling. How do H-NOX proteins bind diatomic gases at their heme iron cofactors and transduce ligand binding into cell signaling pathways? To address this question, high-resolution structures of H-NOX protein in different states of activity are required. Herein we report solution NMR spectroscopy studies of the H-NOX protein SO2144 from S. oneidensis to accomplish this goal.
Results

Identification of Active and Inactive Diamagnetic States of the SO2144
H-NOX for NMR Studies. The SO2144 H-NOX and SO2145 histidine kinase form a complex, and the autophosphorylation activity of SO2145 is suppressed by the Fe(II)-NO form of the H-NOX SO2144 (defined as an active H-NOX state), but is not affected by the unliganded Fe(II) H-NOX (defined as an inactive H-NOX state) (9) . In terms of activity, the unliganded and NO-bound forms of SO2144 would be the targets for structural studies to correlate activity with ligand binding. However, the heme is paramagnetic in both the Fe(II) WT (S ϭ 2) and the Fe(II)-NO WT (S ϭ 1/2) complexes that limit observation in the vicinity of the heme because electron-nuclear spin relaxation broadens resonance lines beyond the limit of detection for protons within a Ϸ10-Å radius around the heme iron (12) .
Six coordinate Fe(II)-CO complexes are diamagnetic (13), allowing for detailed NMR analysis, so efforts were focused on diamagnetic CO derivatives of SO2144. The Fe(II)-CO WT H-NOX weakly inhibits the kinase activity of SO2145, IC 50 ϭ 84 Ϯ 5 M, which is intermediate in activity (10-fold less potent than the NO complex, IC 50 ϭ 9 Ϯ 2 M) ( Table 1) . In proteins containing H-NOX domains, such as sGC or SO2144, displacement of the axial histidine from the heme iron caused by NO binding has been correlated with a significant change in activity (9, 14) . To mimic histidine displacement from the heme, the H103G mutant was made, thereby disconnecting the helix that makes contact to the iron through that histidine side chain. Mutation of the distal histidine, a ligand to Fe in the heme, often leads to apoprotein; however, heme binding may be ''rescued'' by expression and purification in the presence of imidazole ( Fig. 1) Table 1 ). The unliganded, paramagnetic complex of Fe(II) H103G has inhibitory activity; however, its relative instability precluded accurate measurement.
Autophosphorylation assays of H103G were carried out in the presence of 10 mM imidazole to stabilize heme binding. Although imidazole was not needed for the assays with WT protein, it was included in the assays. The 1 H-15 N HSQC spectra of the paramagnetic WT Fe(II)-NO and H103G Fe(II)-NO complexes were superimposable, consistent with the conclusion that the mutation and addition of imidazole did not drastically alter the structure (Fig.  S1 ). Given the activity results described above, NMR structures of Fe(II)-CO WT and Fe(II)-CO H103G were solved as a first step toward understanding the structural basis for signaling in this family. Fe(II)-CO WT and Fe(II)-CO H103G H-NOXs yielded 1 H-15 N HSQC spectra with high cross-peak dispersion, indicating that both states were stably folded (Fig. S2) . Chemical shift assignments for both Fe(II)-CO WT and Fe(II)-CO H103G were made by using standard triple-resonance coherence transfer and NOESY experiments (16) as described in Materials and Methods. Some assignments were additionally confirmed by amino acid specific labeling.
NMR
A majority of resonances were assigned, the exceptions being residues 2, 20, 35, 48, 110-112, and 114. There was no significant difference in linewidths between WT and H103G, indicating no substantial difference in fast dynamics between them. A few cross-peaks in the 1 H- 15 N HSQC could not be assigned because of lack of connectivities, likely arising from some of the unassigned residues. Many of the unassigned residues are in loops and may be broadened beyond detection because of conformational exchange. Temperature-and pH-dependent broadening was seen for some residues, including 101, 104, 105, and 106, which are near H103, the proximal heme ligand. Peak shifts with pH and temperature occurred without broadening in H103G, indicating faster exchange in the mutant protein. Ionizable groups in the region were affected, but no specific source of the effect could be identified. Additionally, heme insertion isomerism about the ␣-␥ meso axis gave rise to two distinct cross-peaks for some residues within the immediate vicinity of the heme (17) , with one set of peaks considerably weaker than the other. The weak set of peaks was ignored in the structural analysis.
The structures of both proteins were determined by using NOEderived distances, chemical shift-derived dihedral angle restraints, and global orientation restraints from protein and heme-derived residual dipolar couplings (RDCs). A summary of structure statistics is provided in Table S1 . The 20 structures agreeing best with the data (with no NOE violations Ͼ0.3 Å and no dihedral angle violations Ͼ5°) from 200 random starting structures were chosen to represent the solution structure ensembles of Fe(II)-CO WT and Fe(II)-CO H103G (Fig. 2) . Average rms differences from the mean for this group of 20 lowest-energy structures were 0.33 Å for backbone and 0.94 Å for heavy atoms for Fe(II)-CO WT and 0.37 and 0.99 Å for Fe(II)-CO H103G. The overall topology of the H-NOX domain, with seven ␣-helices and four ␤-strands previously observed in X-ray studies of the H-NOX domains from T. tengcongensis (Tt) and Nostoc sp PCC 7120 (Ns), is preserved in the SO2144 H-NOX domain structure (11, 18, 19) .
Heme Environment Structure Refinement. The distance between the iron atom and the axial histidine nitrogen was fixed at 2.2 Å and that of the CO carbon was fixed at 1.9 Å. These values are based on extended x-ray absorption fine structure data from Fe(II)-CO myoglobin and X-ray crystallographic data for the Fe(II)-CO complex of the Ns H-NOX domain (18, 20) . In the calculated structures, the Fe-C-O bonding was modeled as linear based on structures of small-molecule heme models, X-ray crystallographic data derived from the Fe(II)-CO H-NOX from Ns, and X-ray crystallographic and spectroscopic data from Fe(II)-CO myoglobin (18, (21) (22) (23) (24) . Because there were no unambiguous NOE distance restraints identified between the propionates of the heme cofactor and the protein, loose (5 Å) distance restraints were used to restrain the position of the heme propionate groups so as to preserve their † Assays with the H103G mutant were carried out in the presence of 10 mM imidazole to stabilize heme binding. expected electrostatic contacts with the strictly conserved YxSxR motif. The use of these restraints is justified by the observations that (i) the YxSxR motif is strictly conserved in the H-NOX family, (ii) crystallographic data display heme-YxSxR hydrogen bonds in two different prokaryotic H-NOX domains, and (iii) they do not cause violation of any of the experimental NMR geometric restraints (11, 18) . Myoglobin samples in solution and crystals have very similar spectroscopic features and binding kinetics parameters, suggesting that the protein is conformationally similar in these states (25) . Similarly, X-ray crystallographic and resonance Raman studies have provided evidence that the heme cofactors in H-NOX proteins adopt nonplanar conformations in both crystalline and solution phases (6, 11, 26) . The residues that make up the heme-binding scaffold of SO2144, including those that induce nonplanarity of the heme (H103, P116, Y132, S134, and R136) are conserved across the family ( Fig. 3) (11) . A two-step simulated annealing protocol was used to determine conformations of the SO2144 H-NOX heme cofactor consistent with all of the NMR data. The protocol consisted of (i) a high-temperature step to determine the overall protein fold by annealing the protein from an extended random chain around a heme cofactor constrained to a planar configuration and (ii) a low-temperature annealing step with only a weak planarity restoring potential on the heme cofactor so that it adopts a planar configuration in the absence of protein-derived van der Waals contacts and NMR-derived geometric restraints, but is allowed to sample nonplanar conformations as required to satisfy the protein and heme NMR constraints (27) . Although the heme planarity restoring potential does not accurately reflect the quantum mechanical potential energy surface of heme deformations, the focus of the protocol is to allow steric contacts between the heme and local side chains that abut the heme to distort it from planarity. Observing heme distortion by NMR is difficult; however, the differences between the Fe(II)-CO WT and Fe(II)-CO H103G ensembles are significant and reflect changes in the van der Waals contacts between the heme pocket and the porphyrin. A similar strategy has been successfully used to characterize the heme cofactor and heme pocket van der Waals contacts in Fe(II)-CO myoglobin (25) .
Conformational Differences Between Fe(II)-CO WT and Fe(II)-CO
H103G.
To obtain an initial assessment of the regions with conformational differences between Fe(II)-CO WT and Fe(II)-CO H103G, the differences in backbone amide and side-chain methyl chemical shifts were quantified (Fig. S3) and mapped onto the structure of Fe(II)-CO WT. Affected residues are found primarily in regions of secondary structure that immediately flank the proximal face of the heme cofactor. The largest changes are located in residues 100-115 that comprise helix ␣F and the turn that connects helix ␣F to strand ␤1. Smaller changes were seen in sites more peripheral to the heme, such as residues D86 and K87 in ␣E and I118 in ␤1. The heme cofactor makes significant contributions to chemical shifts of residues within a Ϸ10-Å distance from the heme iron (28) . The magnitudes and locations of chemical-shift changes between Fe(II)-CO WT and Fe(II)-CO H103G are expected to reflect a change in the position of the proximal helix ␣F relative to the heme cofactor of the H-NOX domain. The absence of chemical-shift changes in the distal subdomain suggests that the heme cofactor position does not change relative to this half of the molecule (Fig. S3) .
A difference distance matrix was constructed to characterize the changes occurring between CO-H-NOX and CO-H-NOX(H103G) structures to correlate with the changes in activity. Matrix plots of differences in ␣-carbon distances were calculated with the program DDMP (Center for Structural Biology, Yale University, New Haven, CT). The matrix generated using the single structure closest to the average structure in each ensemble is shown in Fig. S4 . The most significant changes were between the subdomains on opposite sides of the heme. This conclusion was reinforced by examining superpositions generated using an individual subdomain. Superimposing the well-ordered residues of the proximal domain in Fe(II)-CO WT (residues 100-110 and 120-178) the pairwise rmsd of backbone atoms was 0.48 Å, and for the Fe(I-I)-CO H103G set of structures it was 0.58 Å (Fig. 4) . These values are typical for well-defined structures determined by NMR. If the comparison is made between proximal domains of the WT and those of the H103G structures the pairwise rmsd increases modestly to 0.72 Å, indicating there is very little structure change within the proximal domain. When the ordered regions of the distal domains (residues 5-30 and 46-99) are compared, within the families of structures aligned using the proximal domain, the rmsd values are 0.88 Å for the WT family and 0.74 Å for the H103G family. However, when the cross comparison of the distal domains of the WT family is done relative to the H103G family, the pairwise rmsd increases substantially to 1.35 Å. This finding reinforces the interpretation of the conformational change between Fe(II)-CO WT and Fe(II)-CO H103G as arising from a rigid body displacement of the distal subdomain relative to the proximal. Comparison of the superimposed structures (Fig. 4) indicates that the change arises from a hinge-like rotation about an axis near ␣D.
Heme Environment. The position of the heme cofactor was welldefined in both the Fe(II)-CO WT and Fe(II)-CO H103G structures through 70 heme-protein NOE distance restraints in Fe(II)-CO WT and 48 heme-protein and 2 imidazole-protein NOE restraints in Fe(II)-CO H103G. The 16 (Fe(II)-CO WT) and 15 (Fe(II)-CO H103G) NOE distance restraints from sites in the protein to the methine protons of the heme ring greatly restrict the position of the heme cofactor during the structure calculation process. 13 C-1 H RDCs were measured by using a specifically methine position 13 C-labeled heme to define the orientations in the heme protein molecular frame of the C-H bond vectors that are part of the heme ring (Figs. S5 and S6 ) (29, 30 (31) . In contrast, protein backbone R dip (derived from HN and H␣C␣ RDCs) did not change to a significant extent with the enforcement of heme planarity. Fig. 5C shows the heme region in the Fe(II)-CO WT and Fe(II)-CO H103G structures. The distal heme pocket is lined with aliphatic and aromatic residues as shown in Fig. 5 A-C (I5, L77,  L145) . Deviations of the heme from planarity were characterized by using the Normal-Coordinate Structure Decomposition (NSD) algorithm of Shelnutt and coworkers (32) . The average amplitudes for specific distortion modes are shown for each ensemble in (Fig.  6A) [the program DyDom was used for domain rotation angle calculations (33) ]. Changes in relative positions of residues around the heme in the H-NOX domain are associated with this rotation. For the discussion that follows structural changes are quantified by taking the average distance change between specific atomic positions in the NMR ensembles, reported with the standard deviation for the values in the ensemble. Distal heme pocket residues, including I5, V8, L73, and L145 in helices ␣A-D and ␣G, are constrained by a dense network of NOE distance restraints in both Fe(II)-CO WT and Fe(II)-CO H103G. Distal heme pocket conformational changes upon activation are relatively small. For example, as the distal subdomain pivots about ␣D, the distance between the ␥ carbon of L73 and the ␤ carbon of V8 changes from 4.5 Ϯ 0.04 Å in Fe(II)-CO WT to 5.5 Ϯ 0.04 Å in Fe(II)-CO H103G (Fig. 6B) . The observed pivoting motion is required to accommodate relaxation of the heme cofactor.
Three distance changes in the heme pocket capture the essence of the conformational change after displacement of the axial histidine from the iron (Fig. 6C) . First, the proximal helix ␣F moves away from the heme after rupture of the iron-histidine bond. The distance between the ␣ carbon of H103 and the heme iron is 6.2 Ϯ 0.03 Å in Fe(II)-CO WT and 8.1 Ϯ 0.3 Å in Fe(II)-CO H103G. Second, in the Fe(II)-CO WT structure the heme is held against P116 by the Fe-H103 coordination, resulting in a domed and ruffled heme configuration. The disconnection of the His side chain from the backbone produces a change in Fe(II)-CO H103G, releasing proximal helix ␣F from coordination to the heme iron, resulting in heme flattening as the van der Waals clash between P116 and the pyrrole A ring is relieved. This change can be quantified by the distance between the ␥ carbon of P116 and the carbon at the vertex of propionate A and heme pyrrole ring A. This distance is 3.9 Ϯ 0. respectively. Thus, the heme and the distal subdomain move in concert away from proximal helix ␣F.
Discussion
Investigations that were initially focused on understanding the ligand discrimination against O 2 by the heme cofactor in the ␤-subunit of sGC led to the discovery of the H-NOX family. For sGC it is clear that elimination of O 2 binding to ferrous heme was essential for this protein to act as a trap for very low concentrations of NO that are generated during signaling. The toxicity of NO dictates function in biology at nM concentrations when involved in signaling, forcing sGC to trap NO at that concentration in the presence of M concentrations of O 2 .
H-NOX domains from facultative anaerobes have essentially identical ligand binding characteristics as sGC, namely the Fe(II) oxidation state forms complexes with NO or CO but not O 2 . Additionally, all facultative anaerobe H-NOXs in the Fe(II) oxidation state are five-coordinate as isolated and again, like sGC, form a five-coordinate complex with NO via severing of the axial His-Fe bond. The H-NOXs from Nostoc sp. and Legionella pneumophila are the only exceptions in forming an NO complex that are a mixtures of five-and six-coordinate (34) . Most facultative anaerobe H-NOXs are in a predicted operon with a histidine kinase. H-NOX domain function in prokaryotes has been elusive; however, recently we have made observations that point toward a signaling function for NO in S. oneidensis, a freshwater dwelling organism that has received attention in bioremediation studies (9) . The H-NOX-associated histidine kinase in S. oneidensis is constitutively expressed and is inhibited by the Fe(II)-NO H-NOX. In addition, when grown under microaerobic conditions and provided with NO 3 Ϫ as a common environmental electron acceptor, S. oneidensis synthesizes NO, suggesting that the H-NOX is serving as a sensor for responding to changing growth conditions, in this case sensing O 2 levels indirectly through the NO complex.
Structures of the inactive Fe(II) H-NOX and the active Fe(II)-NO complex would obviously provide a window into the structural changes that are concomitant with the kinase inhibitory activity, and perhaps insight into sGC activation. Despite much effort, these S. oneidensis H-NOX complexes did not crystallize. Although NMR was an option, the presence of the paramagnetic heme presented a serious technical challenge. Consequently, we chose to solve the diamagnetic Fe(II)-CO complex because it effectively represented an off-state with respect to the kinase activity. While the WT Fe(II)-CO structure determination was underway, we obtained the activity results showing that with the H103G Fe(II)-CO imidazole-rescued mutant has kinase inhibitory activity approaching that of the NO complex and then turned to solve that structure.
Two lines of evidence suggest that the structure of Fe(II)-CO WT is in a conformation close to that of the ''inactive'' Fe(II) state. First, crystal structures of the Ns H-NOX Fe(II), and Fe(II)-CO complexes revealed a subtle Ͻ1-Å pivoting motion of the heme cofactor about an axis perpendicular to the plane of the pyrrole D ring; however, no large-scale conformational changes in the relative positions of the distal and proximal subdomains were observed (18) . Second, reminiscent of sGC in eukaryotes, binding of CO to the SO2144 H-NOX domain modulates the kinase activity of SO2145 but to a much lesser extent than NO (9, 14) .
Confidence in the relevance of the H103G mutant came from a comparison of the Fe(II)-NO H103G and Fe(II)-NO WT NMR spectra that showed almost identical resonances, indicating that the H103G mutant structure is very similar to the native protein. Furthermore, evidence that H103G is trapped into an ''active'' conformation of the H-NOX domain, resembling that of Fe(II)-NO as the Fe(II) and Fe(II)-CO states of the H103G mutant, can be seen in the inhibition of the SO2145 histidine kinase by the H103G H-NOX mutant.
In the crystal structure of the T. tengcongensis Fe(II)-O 2 H-NOX, two distinct conformations were seen that showed that the degree of heme planarity is coupled to a rotation of the proximal half of the H-NOX domain relative to the distal half (11) . A conformational change of a similar nature was observed when comparing NMR structure ensembles of Fe(II)-CO WT to Fe(II)-CO H103G. This is likely because the residue network responsible for transmitting changes in heme planarity into large-scale conformational changes in the rest of the protein is conserved across H-NOX domains (11) . Furthermore, key residues that induce heme distortion are strictly conserved between the Tt and So H-NOX domains. For example, P115, L144, and I5 in the Fe(II)-O 2 WT Tt protein maintain the distortion of the heme through van der Waals interactions at positions flanking the heme proximal and distal faces, respectively. Within the tertiary structure of the SO2144 H-NOX domain, residues P116, L145, and I5 are positioned equivalently (Fig. 6B) . In the Fe(II)-CO WT and Fe(II)-CO H103G structures reported here, the distorted heme cofactor relaxes after the cleavage of the axial-iron bond, providing evidence that changes in heme planarity are an important component of the signaling mechanism of these domains. Concomitantly, the heme cofactor and Nterminal subdomain move as a single body away from helix ␣F.
Energy minimizations carried out on Tt H-NOX highlighted residue P115 (P116 in S. oneidensis) as a major contributor to heme distortion (11) . This proline is strictly conserved across the entire H-NOX protein family. When this residue was mutated to alanine in the Tt H-NOX domain, thereby reducing the steric bulk at this position, the heme adopted a flatter conformation as quantified by rmsd from planarity (26) . Within each asymmetric unit cell of the P115A crystal lattice four distinct Fe(II)-O 2 complexes (A-D) were observed.
Each of the P115A Tt molecules A-D exhibits a different amount of heme distortion that directly correlated with changes in the overall conformation of the protein (26) . When the C termini of the four P115A structures were overlaid together with a representative WT Tt H-NOX structure [Protein Data Bank (PDB) ID code 1U55, Fe(II)-O 2 monoclinic, molecule A] it became apparent that the N-terminal subdomain occupies different locations, with displacements generated by bending at a hinge. A similar displacement was also seen in other H-NOX crystal structures. When the C-terminal domains of the Fe(II)-CO WT and Fe(II)-CO H103G S. oneidensis H-NOX solution structures are overlaid an exactly analogous hinge bending displacement of the N-terminal domain is observed.
The hinge bending displacement observed in Tt H-NOX is correlated with heme cofactor planarity. The results of the P115A heme cavity mutation are profound and are mimicked by the H103G mutation. Decreasing the size of a bulky protein residue in close van der Waals contact of the heme significantly reduces the heme distorting force exerted by the protein scaffold. In the WT protein, the invariant P115 compresses the heme at the pyrrole D ring, inducing a pivoting of the attached proprionate group. Upon alanine substitution, the heme pyrrole D ring moves back into the heme plane, reducing the degree of pivoting of the associated proprionate. In the S.oneidensis H-NOX domain, the heme is inserted into the protein in the opposite orientation about the ␣-␥ meso axis relative to the Tt H-NOX domain. Thus, pyrrole ring A is positioned analogously in this H-NOX. In Tt H-NOX, heme flattening triggers a rearrangement in the relative positions of distal and proximal heme pocket residues. In particular, I5 in close contact with pyrrole ring A shifts its position relative to the positions of the other residues in the heme pocket. The corresponding shift in the position of I5 induces a displacement of ␣A. Shifting of ␣A propagates a large-scale rotation of the N-terminal subdomain relative to the C-terminal subdomain; the N-terminal subdomain pivots about ␣D leading to a 3.8-Å rmsd (residues 1-83) with respect to the fixed C terminus (26) . Thus, the heme wedged between the N and C termini acts as a pivot point where small deviations away from planarity are amplified into large-scale N-and C-terminal subdomain rotations.
In the S. oneidensis H-NOX domain (Fig. 6 ) NMR structures, the same hinge bending displacement occurs after axial-iron bond cleavage with the subtle difference that the heme translates away from ␣F by Ϸ2 Å. We carried out a similar analysis of the large-scale rotation of the N-terminal subdomain relative to the C-terminal subdomain seen in Fe(II)-O 2 Tt WT and P115A crystal structures (11, 26) NMR observables including NOEs, coupling constants, chemical shifts, and RDCs were used to calculate structures de novo. Overall the data support a model in which heme distortion is involved in the conformational change. The methine C-H RDC values reflect the bond orientation in the alignment frame (35, 36) , and allow the planar and nonplanar configurations of the meso positions of the heme to be distinguished. Nonplanar heme configurations better fit the RDCs than planar configurations. Residues that are within van der Waals contact of the heme cofactor are well restrained by NMR data derived from RDCs, NOE distance restraints, and chemicalshift dihedral angle restraints.
The Fe(II)-CO WT and Fe(II)-CO H103G structure ensembles were refined with NMR-derived geometric restraints (37) . An equivalent number of restraints of similar types (e.g., NOEs, RDCs, etc.) were used to calculate the solution structures and the conformation of the heme. The NMR restraints obtained were used to resolve differences in heme and protein conformation. For example, the global orientations of the N-and C-terminal subdomains of the H-NOX protein are defined by RDC data derived from atoms in the protein backbone (HN and H␣C␣ RDCs). In the structure calculation process the heme is not constrained to be flat, hence the protein NMR restraints influence the conformation of the bound heme cofactor, particularly if they are within van der Waals contact of the heme ring. In analogy to a RDC-based structure ensemble of ubiquitin (38) , we found that the width of the ranges of heme distortions observed in the Fe(II)-CO WT and Fe(II)-CO H103G structure ensembles are similar to the width of the ranges of heme distortions observed in X-ray crystal structures of other H-NOX domains (11, 18, 19, 26) . Thus, the differences observed between the two S. oneidensis NMR structure ensembles [Fe(II)-CO WT versus Fe(II)-CO H103G] reflect the conformational differences in the H-NOX protein scaffold induced by changes of the heme cofactor. The NMR structures are consistent with the idea that the heme may sample different conformations, as observed in crystal structures of other H-NOX domains.
The conserved proline and axial histidine residues have been suggested as partners that work together to carry out conformational changes associated with signaling. In all H-NOX structures solved to date these two residues are packed together against the proximal heme face (11, 18, 19, 26) . As noted above, binding of NO triggers breakage of the Fe-His bond and the H103G mutant was made to mimic this structure. As summarized in Results, this mutation leads to less distorted heme cofactor that initiates the hinge movement of the N-terminal subdomain with respect to the C-terminal subdomain. In these structures, the heme pivots about P116 as it becomes less distorted. Thus, P116 and H103 do appear to work together with the P116 residue acting as a molecular wedge, distorting the heme into a strained conformation poised for conformational change. In the proposed model, a conformational change is initiated when H103 dissociates from the heme iron after the binding of NO. Like a compressed spring, the heme stores energy required to change conformation. In the H103G mutant the spring is effectively sprung.
The finding that the loss of the axial histidine iron bond initiates a rotation of the distal subdomain relative to the proximal suggests a model for the mechanism of conformational transition between the inactive unligated Fe(II) and active Fe(II)-NO H-NOX. In what we term a ''heme strain model,'' P116 is pushed into the Fe(II) unligated heme. The resulting steric clash between the heme macrocycle and the proline ring distorts the heme away from planarity. When NO binds to the heme, the Fe-H103 bond breaks and the heme then moves away from proximal helix ␣F and concomitantly relaxes. Finally, the distal subdomain follows the trajectory of the heme, rotating away from proximal helix ␣F about a pivot point formed by residues G70 of helix ␣D and G144 of helix ␣G (Fig. 3) . Strong support for the involvement of heme distortion in the conformational transition between the inactive unligated Fe(II) and active Fe(II)-NO conformations derives from previously determined X-ray crystallographic structure of H-NOX domains (11, 18, 19, 26) . In those studies, structural comparisons between different crystal forms of one particular H-NOX ligation state highlighted a region of conformational plasticity similar to that observed in the Fe(II)-CO WT and Fe(II)-CO H103G solution structures, thus providing a potential mechanism for how heme flattening leads to a transition in the relative orientation of the distal and proximal halves of the H-NOX domain. Here, we extend those observations by providing both structural and biochemical evidence that correlates release of the axial histidine heme ligand with changes in heme planarity and H-NOX domain structure in solution. How these conformational changes modulate the activity of associated signaling domains awaits further investigation.
Materials and Methods
Protein Expression, Purification, Mutagenesis, Phosphorylation Assays, and NMR Sample Preparations. Protein expression, purification, and mutagenesis were performed according to a protocol described (9) and modifications as described in SI Text.
Kinase Inhibition. The kinase assay was carried out as reported (9) . To determine the IC 50, the data were fit to a three-parameter sigmoidal dose-response curve according to Eq 1. y ϭ y min ϩ ͑y max Ϫ y min ͒/͑1 ϩ 10 ͑xϪlogIC50͒ ͒,
where x is the log of the M protein concentrations, y is the relative intensity, and IC50 is the apparent half-maximal inhibitory concentration for the H-NOX on kinase activity. Each measurement was done in duplicate, and the error was calculated by the range of the values. 
